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Introduction
Oxygenic photosynthesis of green plants and cyanobacteria uses water as the source of electrons to produce carbohydrates from carbon dioxide. Two water molecules are bound at the catalytic center at the lumenal side of photosystem II (PSII) which contains presumably four manganese atoms (Mn 4 ) and a redox active tyrosine residue (D1Tyr161, Y Z ). The absorption of light oxidizes the primary electron donor, a chlorophyll a monomer (P 680 ), to yield P 680 + . The latter oxidises Y Z ox in nanoseconds which is, in turn, reduced by Mn 4 /2H 2 O in micro-to milliseconds. By sequential absorption of four quanta, causing one electron transfer each, the catalytic site is stepped through five increasingly oxidized states, S 0 to S 4 . S 4 decays spontaneously to S 0 , under release of dioxygen (see e.g. (Renger 2001 ) for a recent review). When a dark adapted sample is excited by a series of short laser flashes oxygen release peaks on the third flash because S 1 is the most stable state in the dark.
A structural model of PSII with 3.8 Å resolution is now available (Zouni et al. 2001b) with a boot-shaped electron density attributable to the Mn-cluster, which appears pearshaped in another model at 3.7 Å (R.J. Shen, personal comm.). The assignment of amino acids to the electron densities is still in progress. EXAFS has revealed at least three Mn-Mn distances (e.g. 2.7, 2.8, 3.3 Å) and their minute changes as a function of the redox state (Liang et al. 2000; Dau et al. 2001; Haumann et al. 2002) . . A remarkable feature of water oxidation is the narrow window of midpoint potentials between P 680 + / P 680 (1.1-1.2 V) (Klimov et al. 1979; Rutherford, Mullet, & Crofts 1981) ; Y Z ox /Y Z (1V) (Boussac & Etienne 1984; Boussac & Etienne 1982) and the Mn-cluster (0.9-0.95V for S 2 /S 1 and S 3 /S 2 (Vass & Styring 1991) .
The net turnover of one full cycle, 2H 2 O → 4 e -+ O 2 + 4H + , liberates four protons.
They are not concertedly released with dioxygen, but distributed over the four redox transitions (reviewed in (Lavergne & Junge 1993; Haumann & Junge1999b; ). It has been noted that the internal production of protons, their retention or release into the bulk, their shuffling back and forth between cofactors may provide the required 100-200mV leeway for the catalytic centre to progress between tight energetic constraints (Krishtalik 1986; Krishtalik 1989; Hoganson et al. 1995; Mulkidjanian 1999b; Tommos & Babcock 2000) .
Assaying protolytic reactions within and out of the catalytic Mn-centre is complicated by the superimposition of electrostatically driven proton release into and uptake from the bulk at the periphery of PSII (Bohr effects) with the chemical proton production (by the water oxidation itself. It is furthermore complicated by the lack of direct indicators for internal proton rocking. In this article we review kinetic experiments aiming at a discrimination between "chemical proton production" and "electrostatic proton release/uptake" at the periphery. We describe a model for electrostatic proton/electron stoichiometries and discuss the implications for the mechanism of water oxidation.
The variable extent of proton transfer as a function of the flash number monitored by added pH-indicating dye.
Under some conditions, e.g. in thylakoids, PSII-membranes and certain PSII core particles, the extent of proton release under excitation with short laser pulses oscillates with a period of four. The extent detected under repetitive excitation with a ns-laser flash has been taken as one proton per single turnover of PSII. It has served to normalise the pattern of extents as function of the flash number in dark adapted and thereby mainly S 1 -synchronised samples. During the first few flashes less than one or more than one proton per PSII may be released on one and the same redox transition, depending on the pH (see Fig. 1 and (Haumann & Junge 1994a; Bögershausen & Junge 1995) . It is documented in Fig. 2 that under other conditions, e.g. in oxygen-evolving PSII core particles in the presence of detergent, the oscillations of proton release are lost and the release of one proton is detected on every redox transition, a pettern which is now independent of the pH (Lübbers, Haumann, & Junge 1993; Renger, Wacker, & Völker 1987; Bögershausen & Junge1995) . In the same material the oscillations can be restored by the addition of glycerol as a cosolute . Despite the stoichiometric pattern of proton release being highly variable as a function of the preparation, of pH and even the solvent, the pattern of oxygen evolution is rather constant (Lübbers, Haumann, & Junge1993) .
These observations have been interpreted in terms of a superposition of the chemical production of protons in the catalytic centre proper and of deprotonation/reprotonation of peripheral amino acids in response to transients in the centre, that are electrostatically (Haumann & Junge1999b; Haumann & Junge1996) or perhaps conformationally triggered (Mulkidjanian 1999a) .
Kinetic properties of proton transfer at the donor side of PSII as a function of the flash number monitored by added pH-indicating dyes.
Proton transfer from the donor side of PSII to added pH-indicators is often biphasic. This is particularly evident at the third flash of Fig.1A . This particular trace merits some discussion. The rise time of the slow phase coincides with the rise time of oxygen release as detected by a time resolving (centrifugable) oxygen electrode. This holds true even in mutants of Synechocystis were the rise time of dioxygen release, concomitant with the one of the reduction of Y Z ox , is prolonged from 1.4 ms to 10 ms (Hundelt et al. 1998 ). The slowly rising phase has been attributed to chemically produced protons during the final reaction of the catalytic centre. In this way the biphasic rise has been interpreted as follows. The rapid phase represents the deprotonation of peripheral acid residues. It is electrostatically driven by the positive charge on Y Z ox and a nearby located cluster of hydrogen bonded acid/bases. This phase reverses during the electron transfer from the manganese cluster to Y Z ox which restores electroneutrality. The reversal, however, is not directly apparent because it is compensated by the synchronous appearance of the chemically produced protons. The net result is the biphasic net release as observed on giving the third flash (see Fig. 1A ).
At another pH, namely 6.2, a slow uptake of protons follow the rapid release of a proton upon the third flash (Fig. 1B) . How does this compare with the above interpretation? It has been interpreted as follows. At pH6.2 the extent of electrostatically triggered proton release due to earlier flashes (see e.g. the high extent at the first flash) exceeds a 1:1 stoichiometry, so that the resetting of the electrostatic situation by electron donation from water calls for the re-uptake of more protons than are chemically produced upon the third flash. One may ask whether an electrostatically triggered release can exceed a stoichiometric ratio of 1:1 of protons over electron abstracted from the catalytic centre? It can, indeed, as illustrated below.
The discrimination between "chemical" and "electrostatic" proton liberation is straightforward in the case of Fig. 1A (third flash). By kinetic and isotopic analyses we have found "chemical" proton liberation not only upon transition S 3 ⇒S 4 →S 0 (Förster & Junge 1985; Haumann & Junge1994a) but also on S 2 ⇒S 3 Hundelt, Haumann, & Junge 1997) , and possibly, but for technical reasons less well defined, also on S 0 ⇒S 1 . This has led us to a pattern of the intrinsic proton production which is 1:0:1:2 over the four transitions from S 0 ⇒S 1 to S 3 ⇒S 4 →S 0 (Haumann & Junge1999b) . This is coincidental with the pattern which has been inferred from studies of electrochromic transients of chlorophylls in response to charge transients in the catalytic centre (Schlodder & Witt1999) (Witt 1996) (Saygin & Witt 1985b ) (Saygin & Witt 1985a ).
The "chemical" proton release during the transition S 3 ⇒S 4 →S 0 as detected upon the third flash in Fig. 1A (half-rise in 1.4ms) is kinetically distinct from its "electrostatic" precursor (some 10µs). Less obvious to inspection by the eye but well discernible by its longer rise time (some 100µs) and a greater kinetic H/D-isotope effect is the chemical release upon S 2 ⇒S 3 (Haumann, Drevenstedt, Hundelt, & Junge1996) (Hundelt, Haumann, & Junge1997) . In both cases the comparatively slow rises coincide with the rise of the electron transfer to Y Z ox .
In contrast to this behaviour we have found that the rates of the rapid phases, which are attributed to peripheral electrostatic events reveal a particular dependence on the dye concentration and on the pH that is expected for proton transfer from an immediately activated source to a sink (the indicator dye). The mentioned "immediate" activation is the electron abstraction from Y Z by P 680 + in some 30-300ns. Fig. 3 illustrates the observed behaviour with thylakoids using neutral red as amphiphilic pH-indicator (data in Fig. 3B ) and with isolated PSII core particles using two hydrophilic pH-indicators.
As Fig. 3D shows with thylakoids the rate rises with increasing concentration of neutral red (Haumann & Junge 1994b) . Such a behaviour is indicative for a bimolecular collision involving neutral red. It is not unexpected as neutral red, an amphiphilic dye which is adsorbed at the membrane surface, will have an effective concentration in the thylakoid lumen at least thousand-fold higher than in the bulk (Hong & Junge 1983; Junge, Schönknecht, & Förster 1986) . In contrast to thalakoid membranes, the rate of proton release from solubilised PSII core particles is independent of the concentration of added hydrophilic pH-indicators. However it rises at lower pH (data in Fig. 3A ) (Bögershausen & Junge1995) . Such a behaviour is expected under two conditions: 1)
The response is dominated by peripheral amino acids whose pK is in the range of the given pH.
2) The spontaneous protolysis of these surface groups is followed by proton uptake by the hydrophilic indicator dye. The overall rate of the sequential reaction is limited by the rate of protolysis into the bulk.
The protolysis of an acidic group, A , at the surface is induced when its pK is acid shifted, e.g. by electrostatic interaction with a positive charge in the protein. The reaction:
If the acid is directly in contact with bulk water, the on-rate is diffusion controlled (10 10 -10 11 M -1 s -1 ), and the off-rate strictly pK-controlled: (see (Eigen 1963; Gutman & Nachliel 1995) ) wherein A Monte-Carlo treatment of electrostatically triggered proton uptake/release has been presented for the bacterial reaction centre (Beroza et al. 1991; Beroza et al. 1995) . It has been based on a high-resolution structure and involves very many acid/base residues. In the case of PSII, a rigorous treatment of the electrostatics, of proton release at the periphery of PSII, and of local electrochromic transients that are ascribed to the inner chlorophylls has to await the assignment of amino acids and the orientation of the cyclopentanone rings of the innermost chlorophyll molecules, both of which are not available in the structure at 3.8 Å resolution (Zouni et al. 2001b separating two homogeneous and infinitely extending phases, a conducting one, the thylakoid lumen, and a non-conducting one, the membrane core. The presence of salts in the lumen and the very rapid lateral relaxation of field inhomogeneities along the lumenal surface justifies the approximation of the lumen by a phase of "infinite" conductivity. The globular structure of the PSII with its shielding extrinsic proteins which protrude from the membrane implies a pretty curved surface between the dielectric and the conducting phase but not a flat one. The assumption of a flat geometry in the above simple model is just another approximation, which is justified as long as details on water channels and perhaps high-dielectric pockets in the peripheral proteins are not available. We assume that the "manganese cluster", M, resides 10 Å deep in the membrane and that there are only two acid groups, AH and BH, symmetrically located to M and embedded 3 Å deep in the membrane as illustrated in Both acids undergo reversible protonation/deprotonation with relaxation times which are shorter than typical measuring intervals used to assay the extent of the deprotonation (for kinetic features, see above). Thus they are both at equilibrium according to: Its magnitude varies depending on whether M is charged or uncharged. For simplicity we assume that the undisturbed pKs (M uncharged!) of both acids are equal, pK A 0 = pK B 0 = pK 0 , and further that the ambient pH = pK 0 -1. The extent of the deprotonation per pair of acids which is caused by the univalent up-charging of M to yield M + then amounts to the following:
[9] ( ) (1.738 0.177) 1.561
We found that only two acid residues at reasonable spacing to the Mn-cluster and between each other can produce a super-stoichiometry of proton release in response to the univalent up-charging of M. The extent of electrostatically driven proton release, as opposed to the one which is caused by the chemistry in the catalytic centre proper, depends on the number and the topology of peripheral amino acids relative to the centre, their original pKs, the ambient pH, and the dielectric environment of these acids as given in principle by Equ.s [3, 4, 7] . The simple electrostatic model presented above can, of course, be extended to incorporate the stromal bulk phase (this brings in further image charges), to account for globular protein structure and for the involvement of more acid residues. The formalism to treat such systems is standard in statistical thermodynamics. These extensions will not bear on the possibility, in principle, to obtain super-stoichiometries of proton release.
One simplifying assumption, implicit in the above considerations is, however, critical.
We assume that the conversion of M to M + is irreversible, the appearance of the positive This view has been questioned by others (Hoganson & Babcock1997) who have interpreted one specific proton per electron stoichiometry, namely 1:1 as found under some conditions in core particles (see Fig.2C ), as the unmasked release into the bulk of the proton from Y Z ox itself . The assumed electrochromic bandshifts have been reinterpreted as through-bond interactions between the tyrosine and the chlorophyll a of P 680 . Based thereupon it has been claimed that Y Z ox is reprotonated from water molecules upon each reduction (Britt 1996; Tommos & Babcock 2000) . This matter has not yet been rigorously settled. There is no proton release from Y Z ox proper, at least as long as the Mn-cluster is in the S 1 -state. This is documented in Fig. 1 tyrosine has to be ejected into the bulk before Y Z can be oxidised by P 680 + in a then proton-controlled reaction (Ahlbrink et al. 1998; Diner et al. 1998; Haumann & Junge 1999a; Hays et al. 1998; Hays et al. 1999; Mamedov, Sayre, & Styring 1998) phase rises in about 1µs. Its rate is almost independent of the pH (see Fig. 5A ). A slower phase rises in 10-100ms and the rate decreases at lower pH. Their summed extent is constant (see Fig. 5B ), if one corrects for charge pair recombination (see Fig.   5C ). They are mutually inter-convertible as function of the pH, and the transition between them titrates with a pK around 7 (Fig. 5B) . The rise time of the nanosecond components in fully functional, oxygen evolving core particles and of the microsecond component in Mn-depleted material are both pH-independent (between pH 5.5-7-5) (Meyer et al. 1989) , nearly insensitive to H 2 O/D 2 O isotopic substitution (Ahlbrink et al. 1998; Haumann et al. 1997a) , and they reveal a low activation energy. In contrast to the former, the rate of the slow component in Mn-depleted material decreases with decreasing pH, the kinetic H/D isotope effect is 2.5 and the activation energy is high (0.3eV). It is obvious that the reaction between Y Z and P 680 + switches at pH7 from electron-(fast) to proton-controlled (slow) electron transfer (Ahlbrink et al..1998 ).
These observations have been interpreted to indicate that, in the intact system, the rapid reduction of P680 + requires the presence of a receptive base cluster around Y Z . If this cluster is protonated as at acid pH (at pH<7 in Mn-depleted centres, and possibly at pH<4.5 in intact ones), the electron transfer between Y Z and P 680 + is kinetically controlled by proton transfer (see H/D-isotope effect in (Ahlbrink et al. 1998) ). Only under these conditions, the normal electrochromic transients of chlorophyll a vanished (see Fig. 9 in Ahlbrink et al. 1998) , as if proton release into the bulk from the vicinity of Y Z was then the prerequisite of the electron transfer to P680
+ . Under these conditions we observed proton release into the bulk with a similar rate as the one of the electron transfer. These phenomena have been understood in terms of a rise of the midpoint potential of Y Z ox /Y Z by 0.1V when the base cluster is protonated at acid pH (Ahlbrink et al. 1998 ). This notion is compatible with the reported difference of the midpoint potentials of Y Z and P 680 in Mn-depleted material, namely 0.1V at pH 6.5 (Metz et al. 1989; Mulkidjanian et al. 1996) . In essence these studies have revealed that the phenolic proton of Y Z upon oxidation can be released into and then detected in the bulk. This occurs, however, only in Mn-depleted material at acid pH. Under other conditions, and most importantly in fully functional PSII, the phenolic proton remains in the vicinity of Y Z and this may be one construction element to increase the redox potential of Y Z relative to the Mn-cluster (Ahlbrink et al. 1998 ). Models of the catalytic events wherein it is assumed that Y Z is deprotonated into the bulk phase upon every transition, in order to function as a hydrogen acceptor for water Tommos & Babcock 2000) , are difficult to reconcile with this notion.
It is noteworthy that the peculiar kinetic behaviour of the electron transfer from Y Z to P 680 + in Mn-depleted PSII (Fig 5A, and see Ahlbrink et al. 1998 ) has been almost perfectly mirrored in a synthetic ruthenium-pyridyl-tyrosine construct (see Sjödin et al. 2000 , and Hammerström, in these Proceedings) where the pH-dependence of the slow phase has been interpreted as concerted proton-electron-transfer.
Two independent techniques, namely with thylakoids the electrochromic transients of intrinsic carotenoids (Junge and Witt 1968) and with PSII-liposomes an electrometric technique (Drachev et al. 1981) , have been used to determine the transmembrane electrogenicity of the electron and proton transfer in PSII ). The results, agreeing with each other, were as follows: taking the electrogenicity of the electron transfer from Y Z to Q as 100%, the step fromY Z to P 680 + accounts for 15%, and Hays et al.1999) . It has been speculated that D1-Glu189, the direct neighbour of D1-His190, is another member of the hydrogen bonded base cluster around Y Z (Debus et al. 2000) . We checked this suggestion by measuring the rates of electron transfer from the Mn-cluster to Y Z ox (in µs) and from Y Z to P680 + (in ns) and found no difference between the WT and E189Q, E189K, and E189R (see Table ( Clausen et al. 2001) ). This result is surprising because one expects some effect because of different electrostatic properties of glutamic acid, glutamine, arginine and lysine. The lack of any effect of an acid, neutral or basic residue at position D1-189, then implies that it is embedded either in a strongly hydrophobic environment (all residues forcedly electro-neutral) or in high dielectric (the charge fully shielded). Otherwise, the absence of any electrostatic effect of the D1-E189-mutants could be explained by a distance between Y Z and D1-H190, D1-E189 which is much greater than so far supposed. The advanced crystal structure of PSII (see Petra Fromme, this issue) suggests that the D1-His-190 may indeed be more than 10 Å away from the position of Y Z .
Summary
We discriminated chemical production of protons at the donor side of PSII from 
FIGURE CAPTIONS FIGURE 1
Time-resolved proton release after the first four flashes of a Q-switched Ruby-laser given to unstacked, dark-adapted thylakoids from pisum sativum (Haumann & Junge1994a) . Proton release into the lumen of thylakoids was determined from absorption transients at 548 nm. They were recorded twice, plus and minus neutral red (45µM), and in the presence of BSA as impermeant buffer of pH-transients in the external phase (Ausländer & Junge 1975 ) (Junge et al. 1979) . Note the different time scale at the third flash, which causes mainly the oxygen evolving transition S 3 ⇒S 4 →S 0 .
The half-rise times and the extents (in parenthese) resulting from a bi-exponential fit 
FIGURE 2
The relative extent of proton release attributable to the four sequential steps of the catalytic centre of water oxidation, namely S 0 ⇒S 1 (open triangles), S 1 ⇒S 2 (full circles), 
FIGURE 5
The rates and extents of the kinetic components of the reduction of P 680 + in inactive PSII core particles as function of the pH, according to a fit with three exponentials (Ahlbrink et al.1998) . A) The rates of the two faster kinetic components. The rate of the fastest component (k f , squares) is about pH-independent (line), whereas the rate of the slower one (k s , circles) decreases with the pH (line).
B) The relative extents of the two kinetic components (k f , squares; k s , circles) from A.
The extents of k f (squares) are described by a single titration with a pK of 7 (line). C)
The sum of the extents of the very slow components (k v ) as function of the pH. Open triangles: data from absorption transients at 827 nm which reflectthe oxidoreduction of P 680 ; solid triangles: data from transients at 320 nm which reflectthe oxidoreduction of Q A . For details, see (Ahlbrink, et al.1998 ). (+/-G) = presence or absence of glycerol, n = number of measurements a Data from (Haumann et al.1997b) b error calculated from the fit routine, c core particles prepared after (Hundelt et al. 1998) 
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